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Recently, a golden colored, dense polymorph of titanium sesquioxide, Ti2O3 with a Th2S3-type structure, has
been synthesized at high-pressure high-temperature conditions. In this paper, we present results of investigations
of structural, optical, and electronic transport properties of this unusual golden polymorph of Ti2O3 under
high pressure. Several experimental techniques were used, including x-ray diffraction studies using synchrotron
radiation, Raman spectroscopy, electrical resistivity, and thermoelectric power. The structural studies showed that
the Th2S3-type lattice is conserved under pressure, while it is subjected to an isostructural phase transition with a
∼0.7% volume drop at 38.5 GPa. We speculated that this transition could be driven by the s → d electron transfer
in the Ti atoms. For the Th2S3-type Ti2O3, we have established a bulk modulus value, B0 = 258.3 GPa at B ′0 = 4.1.
A full profile analysis of the diffraction patterns allowed us to discover anomalies in the compression behavior of
the Th2S3-type structure. The bond valence sums method suggested that at ambient conditions the Ti cations have
predominantly Ti3+ oxidation state, but applied pressure stimulates a partial charge disproportionation between
the Ti1 and Ti2 sites achieving the maximal effect—reduction of the Ti1 cations to ∼Ti2.5+ and oxidation of
the Ti2 ones to ∼Ti3.5+ near 14 GPa. Pressure evolution of Raman spectra across the above crossovers showed
distinct changes corroborating the above findings. The high-pressure electronic transport studies confirmed that
the Th2S3-type Ti2O3 remains semiconducting up to 21 GPa at ambient and low temperatures down to 4.2 K.
These studies found additional features, e.g., in the activation energy curve near 7 GPa, that is accompanied
by inversion of the dominant conductivity type from electron to hole. The intriguing high-pressure behavior
of Ti2O3 with the Th2S3-type structure can contribute to better understanding of high-pressure properties of
transition-metal sesquioxides.
DOI: 10.1103/PhysRevB.88.184106 PACS number(s): 72.20.Pa, 73.61.Ey, 71.22.+i, 61.50.Ks
I. INTRODUCTION
Oxide materials find numerous industrial applications. This
fact is related to both relatively simple and low-cost methods
of their preparation and their unique properties. One of
the industry-oriented subclasses of oxides is sesquioxides,
M2O3, where M is a metal or combination of metals. Several
well-known multifunctional families of industrial materials
for magnetic, piezoelectric, and other applications belong
to this class, e.g., manganites (MMnO3), ferrites (MFeO3),
and titanates (MTiO3). This explains the enormous interest
in this class of oxides and intensive investigations of its
representatives. Binary sesquioxides are parent compounds for
ternary and quaternary sesquioxides; hence, their properties
partly predetermine those that may be achieved in multication
systems. Therefore, a better understanding of binary systems
can help in the design of new oxide materials with desirable
properties and, in general, would stimulate further advances in
the field.
At ambient conditions, the binary sesquioxides, M2O3,
seem to be rather monotonous systems that show a tendency
to crystallization into two simple crystal lattices, namely
(i) a rhombohedral corundum lattice (space group #167, R3c)
in systems with the lighter cations (e.g., Al, Fe, Cr, V, and Ti)
and (ii) a cubic bixbyite lattice (space group #206, Ia3) in
systems with the heavier cations (e.g., Y, In, La, Pr, Nd, Sm,
Eu, Gd, Dy, Er, Tm, Yb, Sc, Mn).1 To complete this picture,
notice that these two groups are a bit overlapped (e.g., the cases
of Sc and Mn oxides), and there are several exceptions: for
instance, Co2O3, Rb2O3, and Sb2O3 adopt cubic lattices with
space groups Fd3mZ (#227; Ref. 2), I43d (#220; Ref. 3),
and Fd3m(#227; Ref. 4), respectively; and Ga2O3, Bi2O3,
and Ni2O3 adopt monoclinic lattices with space groups C2/m
(#12; Ref. 5) and P21/c (#14; Ref. 6) and a hexagonal lattice
with space group P63mc (#186; Ref. 7), respectively.
Under application of high pressure, the sesquioxides are
known to undergo a series of phase transitions. However,
with a few exceptions, the pressure-temperature phase di-
agrams of sesquioxides remain poorly explored. The most
studied systems with the corundum-type lattice, such as
Al2O3 and Fe2O3, under pressure application and heating
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to high temperatures showed transformations at first to a
Rh2O3 (II)-type structure (space group #60, Pbna)8–15 and
then to a postperovskitelike phase of a CaIrO3-type structure
(space group #63, Cmcm),15–22 similar to a postperovskite
phase originally discovered in MgSiO3.23,24 High-pressure
high-temperature (HP-HT) studies of systems crystallizing at
ambient conditions in the cubic-bixbyite lattice established
transitions to the corundum and then to the Rh2O3 (II)-type
lattices (e.g., this happens in In2O3).25–29 This fact, combined
with a circumstance that many other oxides subjected to
HP-HT treatment, can turn into a metastable corundum lattice
of which density is just slightly higher than one of the
cubic-bixbyite lattice [e.g., In2O3 (Refs. 25, 26, and 29), Ga2O3
(Ref. 30), and Mn2O3 (Ref. 31)], could hint at a possible
similarity in the phase transition scenarios under applied high
pressures in the corundum, cubic-bixbyite, and other systems.
However, recent HP-HT studies suggested new trends in the
phase transition scenarios of these systems. For instance, HP-
HT studies of cubic-bixbyite-structured Mn2O3 discovered a
new intermediate phase31 between the corundum lattice and the
postperovskite lattice of the CaIrO3-type.22 This intermediate
phase adopts a triclinically distorted double perovskite lattice
with three oxidation states of the Mn ions, such as 2+ , 3+ ,
and 4+ (Ref. 31). A mixture of In2O3 and Mn2O3 treated
under HP-HT conditions demonstrated the formation of a class
of unusual perovskite with unusual properties.32,33 Several
other cubic-bixbyite-structured oxides (e.g., In2O3, Sc2O3, and
Y2O3) under HP-HT conditions showed a transformation to a
very dense and unusual oxide structure of the α-Gd2S3-type
with Pnma space group.34–37 Peculiar scenarios of phase
transitions under HP-HT conditions may be found in oxides
that at ambient conditions crystallize in lattices, which are
different from both the corundum and the cubic-bixbyite types,
e.g., in Bi2O3 (Ref. 38).
Recently, a new and very dense sulfide structure of a Th2S3-
type (space group #62, Pnma)39 with the coordination numbers
CN = 7 and 8 has been found in Ti2O3 subjected to HP-HT
treatment.40,41 At ambient conditions, Ti2O3 adopts the corun-
dum lattice, and this polymorph is known also as Tistarite.42
It has been established that the Th2S3-type polymorph of
Ti2O3 is readily recoverable at ambient conditions and has
a bright golden color, which is unusual for oxides.40,41 Recent
calculations of lattice stability in Al2O3 have found that a
U2S3-type lattice that is a slight modification of the Th2S3-type
lattice should be stable beyond a postperovskite phase above
370 GPa.43 Similar calculations for another corundum-type
system, namely V2O3, have also established a possible stability
of this lattice.44 Thus, the golden high-pressure polymorph of
Ti2O3 with the Th2S3-type lattice may be considered as a
very dense post-postperovskite form of sesquioxides; hence,
it could help to understand properties of strongly compressed
oxides. This would have profound implications, for instance,
for understanding of behavior of alumina and hematite in
HP-HT conditions of the Earth’s interiors. Furthermore, this
dense and stable golden polymorph of Ti2O3 could find own
industrial applications.
In previous works, some of the authors have examined the
crystal structure and optical and electronic transport properties
of the golden Ti2O3 at ambient pressure.1,41 In particular, it has
been established that at ambient conditions the golden Ti2O3 is
semiconducting with a narrow band gap, Eg ∼ 0.1–0.2 eV, and
predominant n-type conductivity.1 The puzzle of the golden
color of this polymorph has been solved in both experimental
optical and theoretical studies.1
In the present work, we performed careful experimental
investigations of evolution of structural, optical, and electronic
transport properties of the golden Ti2O3 under application
of high pressures up to 57, 67, and 21 GPa, respectively.
With high accuracy, we have established an equation of state
(EOS) of the golden Ti2O3. We find evidences that above
5–8 GPa, the Th2S3-type Ti2O3 turns to a different electronic
state with even narrower band gap and p-type conductivity.
The x-ray diffraction (XRD) and Raman spectroscopy data
unambiguously indicate unusual features at higher pressures,
near 15–20 and 38–42 GPa. The underlying physics of those
is also discussed.
II. DETAILS OF EXPERIMENTS
A. Preparation and characterization of the Th2S3-type
polymorph of Ti2O3
We have prepared the samples of Ti2O3 with the Th2S3-
type structure from a commercial fine powder of corundum-
structured Ti2O3 (99.8% purity, Alfa Aesar Company) by
means of HP-HT synthesis at 1200- and 5000-tonne multianvil
presses at the Bayerisches Geoinstitut (BGI, University of
Bayreuth, Germany).30,45 Details of the synthesis procedures
were reported in our previous papers.1,41 In this work, we
investigated two samples that have been synthesized in
different HP-HT conditions: sample A was compressed to
17 GPa and was synthesized at 1000 ◦C over 2 hours; likewise,
sample B was compressed to 22 GPa and was synthesized
at 1800 ◦C over 3 hours. We have characterized the samples
at ambient pressure using scanning electron microscopy and
microprobe analyses; XRD; Raman and infrared spectroscopy;
and measurements of electrical resistivity, magnetoresistance,
Hall effect, and thermoelectric power.1 In particular, we have
confirmed the Th2S3-type structure and found its unit cell
parameters as follows: a = 7.8248(6) A˚, b = 2.8507(4) A˚,
and c = 8.0967(3) A˚ (Ref. 1). Electronic transport studies
showed the difference between samples A and B: the former
was found to be an intrinsic semiconductor with a band gap
Eg ∼ 0.2 eV and n-type electrical conductivity, but the latter
showed a smaller band gap, Eg ∼ 0.1 eV, and inhomogeneous
domain structure with regions of dominating n- and p-types
of conductivity.1
B. Structural and optical studies at high pressure
For structural and optical investigations under high pres-
sure, we used conventional diamond anvil cells with culets
of 250 μm and rhenium gaskets. In these experiments, we
used a neon pressure-transmitting medium and loaded the
cells using a gas-loading apparatus at BGI.46 XRD and Raman
spectroscopy studies were performed under pressures between
ambient and up to 56 and to 65 GPa, respectively. In both
cases, the pressure values were determined by the shift of the
ruby luminescence line.47 These studies were performed on
sample A. High-resolution XRD patterns were collected at
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the ID09a line (λ = 0.4147 A˚) of the European Synchrotron
Radiation Facility (ESRF; Grenoble, France). A beam was
focused on a sample in a spot 4–5 μm in diameter. Data were
gathered with a MAR image plate detector. Two-dimensional
XRD images were integrated using a Fit2D program48 and was
further analyzed by means of a full-profile Rietveld refinement
method.49
Each Raman spectrum was obtained by averaging 2 to 4
spectra acquired during 5–10 minutes. The Raman spectra
were excited with the red 632.8-nm line of a He-Ne laser and
were recorded using a LabRam spectrometer in a backscatter-
ing geometry.41
C. Electronic transport studies under high pressure
at ambient and low temperatures
Investigations of thermoelectric and electrical properties at
high pressure and ambient temperature were carried out in two
anvil-type cells with flat and semispherically concave anvils
operating for measurements of thin disk-shaped samples with
typical sizes of ∼200 × 200 × 30 μm3 up to ∼15–30 GPa, and
thick samples with typical sizes of ∼200 × 200 × 250 μm3
up to ∼8–12 GPa, respectively.50–53 A sample container
made of the lithographic stone (basically CaCO3) served both
as a gasket and a pressure-transmitting medium.54–56 The
experiments were carried out on an automated minipress setup
with motor-driven plungers, allowing us to tune applied stress
continuously and to measure several parameters of a sample
and environment simultaneously upon compression and de-
compression cycles.57 Two Pt-Ag ribbons 5 μm thick were
used as electrical leads to the sample. A pressure dependence
of electrical resistivity was measured by a quasi-four-probe
technique (the ends of these probes were bifurcated outside
the cell).58,59 In the thermopower measurements, the upper
anvil was heated to generate a temperature difference, T ,
along the sample thickness. The experiments were performed
in three regimes: at fixedT under gradual variation in applied
pressure (P ), at fixed P and gradual variation in T value, and
under monotonic variations in both T and P . All the three
regimes gave similar results. Other details of the thermopower
measurements can be found elsewhere.60
For low-temperature electrical resistivity studies under
pressure, we used a Bridgman-type high-pressure apparatus
with sintered diamond anvils. A pyrophillite gasket and two
steatite disks were used as a pressure-transmitting medium.
We performed four-contact electrical resistivity measurements
using a Keithley 2400 current source meter and a Keithley 2182
nanovoltmeter. More details are available elsewhere.61 These
studies covered a temperature range between 4.2 and 300 K
and a pressure range between 1 and 21 GPa.
III. RESULTS AND DISCUSSION
We present a set of experimental results and discussion in
paragraphs III.A, B, and C, focusing on pressure effects on
the crystal structure, lattice dynamics, and on the electronic
transport in the Th2S3-type Ti2O3, respectively.
A. XRD studies of the Th2S3-type Ti2O3 under high
pressure to 56 GPa
A detailed analysis of the Th2S3-type crystal lattice of
Ti2O3 at ambient conditions was performed in earlier works,
including those of some of the authors.1,40,41 A summary of
the unit cell parameters of the Th2S3-type Ti2O3 is given in
Table I. Previous high-pressure works on the Th2S3-type Ti2O3
indicated no dramatic phase transitions and thereby suggested
that this polymorph remains stable up to at least 74 GPa at
ambient and high temperatures up to 2200 ◦C.41 In this work,
we performed high-quality XRD studies of the Th2S3-type
Ti2O3 under pressure up to 56 GPa (Fig. 1). Full-profile
Rietveld refinement of these XRD patterns allowed us to detect
structural features.
In Fig. 1(a), one can see that applied pressure does not
substantially change the XRD patterns, suggesting the per-
sistence of the original structure, in agreement with previous
works.1,40,41 In all of the XRD patterns, we detected strong
reflections from both the single-crystalline diamond anvils
TABLE I. Parameters of the unit cell of the golden phase of Ti2O3 at ambient pressure.
Unit cell: space group #62, Pnma, structural type: Th2S3; lattice parameters: a = 7.8248(6) A˚,
b = 2.8507(4) A˚, and c = 8.0967(3) A˚, V = 180.61(1) A˚3, Z = 4
Atomic coordinates: x y z
Ti1 0.0279 14 0.3165
Ti2 0.1952 14 0.9822
O1 0.9432 14 0.8704
O2 0.1237 14 0.5545
O3 0.7901 14 0.1885
Ti1-O distances (in A˚) Ti2-O distances (in A˚)
Ti1-O1 2.091(1) × 2 Ti2-O1 2.169(7)
Ti1-O2 2.067(7) Ti2-O1 2.151(5) × 2
Ti1-O2 2.128(3) × 2 Ti2-O2 2.093(4) × 2
Ti1-O3 2.052(1) Ti2-O3 2.767(7)
Ti1-O3 2.129(9) Ti2-O3 1.988(7) × 2
〈Ti1-O〉 2.098 〈Ti2-O〉 2.176
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FIG. 1. (Color online) X-ray diffraction patterns of the golden
Th2S3-type Ti2O3 at ambient temperature under high pressure.
(a) Pressure evolution of the XRD patterns with subtracted back-
ground. Pressure values are given near the curves. (b) Examples of
Rietveld refinement of the XRD patterns collected at 2.6 and 56.4 GPa
in the Th2S3-type lattice (Pnma space group). Points are experimental
data, solid lines are calculated profiles, dashes denote expected reflex
positions for the Th2S3-type lattice, and the lowermost curves are
the difference between the experimental and the calculated profiles.
The asterisks (∗) mark the residual broad peak from the diamond
anvils and the cross ( + ) in the XRD pattern (a) marks some artifact
peak. Insets show the corresponding 2D diffraction images. The
diffractions’ rings are reflections from the sample, and huge spots
are from the diamond anvils.
and, above 10 GPa, from the neon pressure-transmitting
medium [Fig. 1(b)]. We have masked these parasite peaks
using Fit2D software48 before integration of the patterns, but
some remains of them still may be noticed, e.g., between 11◦
and 12◦ of 2θ (diamond reflections) and between 14.3◦ and
15.3◦ of 2θ (Ne reflections; Fig. 1). The XRD patterns of
the Th2S3-type Ti2O3 distinctly showed all the rings (about
20) corresponding to the main reflexes [insets in Fig. 1(b)];
therefore, one could apply the full-profile Rietveld refinement
method49 to figure out fine details of the crystal structure
variation under compression. The Rietveld refinement analysis
of all the XRD patterns confirmed the Th2S3-type structure
[examples in Fig. 1(b)]. The quality of these fittings was
satisfactorily good with typical factors wRp < 1–2% for the
original data with a background and wRp < 4–6% after
the background subtraction. Under compression to 56.4 GPa,
the unit cell parameters, a, b, and c shrank by ∼4.7%, 5%,
and 5.7%, respectively [inset in Fig. 2(a); the numerical data
are available in the Supplemental Material62], indicating an
apparent anisotropy in the axes’ compressibilities. The type of
lattice distortion is also conserved in the entire pressure range,
i.e., c > a [Fig. 2(b)], in contrast to a > c for the U2S3-type
structures.41 A moderate contraction in the unit cell volume
(V0) by only ∼14.6% to 56.4 GPa [Fig. 2(c)] indicates a high
bulk modulus value, B0. All the unit cell parameters show an
apparent discontinuity drop near 38.5 GPa (Fig. 2). A c/a ratio
exhibits a distinct rising below 2.5 GPa, a drop near 38.5 GPa,
and a weak inflection point near about 15 GPa [Fig. 2(b)].
Fitting the well-known third-order Birch-Murnaghan EOS
as follows:
P (V ) = 3B0
2
[(
V0
V
) 7
3
−
(
V0
V
) 5
3
]
×
{
1 + 3
4
(B ′0 − 4)
[(
V0
V
) 2
3
− 1
]}
, (1)
to the volume (V ) vs pressure (P ) data below 38.5 GPa
[Fig. 2(c)] for fixed B ′0 = 4, we find V0 = 181.1 A˚3 and B0 =
259.3 GPa. Freeing B ′0 at fixed V0, we find B0 = 258.3 GPa
and B ′0 = 4.1. These values are in good agreement with those
predicted in calculations V0 = 184.3 A˚3 and B0 = 251 GPa at
B ′0 = 4.5 (Ref. 41). Fitting the entire data range would give
B0 = 262.3 GPa and B ′0 = 3.5(5) [Fig. 2(c)], but the quality of
this fitting is apparently worse than in the above fittings limited
to 38 GPa. Previous work using a LiF pressure-transmitting
medium established a higher bulk modulus value, B0 = 296
GPa at fixed B ′0 = 4 (Ref. 40). In this XRD study, we used the
neon pressure-transmitting medium; thus, we believe that our
estimation of B0 is more precise and not overestimated due
to stresses and strains. Using the Murnaghan EOS for axial
moduli determination, P = Bd0
B ′d0
[( d30
d3
)B ′d0 − 1], where d0 is the
lattice parameter along the d axis at ambient pressure, Bd is
the compression modulus of this axis, and B ′d is its pressure
derivative fixed to 4, we derive a0 = 7.823 A˚ andBa = 293 GPa,
b0 = 2.8509 A˚ and Bb = 272 GPa, and c0 = 8.117 A˚ and Bc =
221 GPa.
The full-profile Rietveld refinement of the XRD patterns
of the Th2S3-type Ti2O3 allowed us to grasp the pressure
effect on the coordination spheres of the titanium ions in
two different crystallographic positions, Ti1 and Ti2, with the
coordination numbers, CN = 7 and 8, respectively [insets in
Figs. 2(c) and 3(b)]. We analyzed the individual [Fig. 3(a)]
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FIG. 2. (Color online) Pressure dependencies of the unit cell
parameters of the golden Th2S3-type Ti2O3 at ambient temperature.
Large yellow arrows indicate the features. (a) Pressure dependencies
of the lattice parameters. Inset shows relative changes of the lattice
parameters with pressure. (b) Pressure dependencies of the lattice
parameter ratios, c/a (main plot), a/b and c/b (inset). (c) Pressure
dependence of the unit cell volume per formula unit (V0/Z). Points
are the experimental data; solid and dashed lines are fittings and
theoretical prediction. The error bars are smaller than the symbols.
Photograph of the golden polymorph of Ti2O3 and its crystal structure
in the form of a 2 × 2 × 2 supercell are shown as lower and upper
insets, respectively.
and average bond lengths [Fig. 3(b)], the polyhedra volumes
[Fig. 3(c)] and distortion indexes [Fig. 3(d)], and the bond
valence sums (BVS) of the cations [Fig. 3(e)]. This analysis
revealed interesting features in all of the aforementioned
parameters under pressure. For instance, one can notice that
under pressurization up to ∼15 GPa, the average 〈Ti2-O〉
length is strongly contracted, but the average 〈Ti1-O〉 length
on the contrary remains approximately the same [Fig. 3(b)].
The unusual behavior of the 〈Ti1-O〉 length is related to the
extension of the T1-O2 bonds and reduction in the Ti1-O1 and
Ti1-O3 bonds [Fig. 3(a)]. This points out strong distortions of
the Ti1 and Ti2 polyhedra under pressure; hence, we calculated
their distortion index δ as follows:63
δ =
√
1
CN
∑
i=CN [(lTi-O)i − 〈lTi-O〉]2
〈lTi-O〉 , (2)
where CN is the coordination number, and (lTi-O)i and 〈lTi-O〉
are the individual and average bond lengths, respectively.
We find that at ambient pressure the distortion index of the
Ti1 polyhedra was minimal, but with pressure it rises by a
factor of about 3 [Fig. 3(d)]. The Ti2 polyhedra are already
strongly distorted at ambient pressure, and their distortion
index fluctuates around δ ∼ 0.10–0.13 in the entire pressure
range [Fig. 3(d)].
Pressure variations in the individual Ti1-O2 and all the Ti2-
O bonds demonstrate the apparent features around 15–20 GPa
[Fig. 3(a)]. The pressure curves of the average bond lengths,
〈Ti1-O〉 and 〈Ti2-O〉, converge to about 15 GPa and diverge
on further pressurization [Fig. 3(b)]. The strongest distortion
of the Ti2 polyhedra is achieved at pressures around 15 GPa
[Fig. 3(d)]; at these pressure values the Ti1 polyhedra also
show a bend in the distortion index. The pressure curves of
the polyhedra volumes exhibit the distinct kinks at the same
pressures [Fig. 3(c)]. The significant difference in the pressure
evolution of the coordination spheres of the Ti1 and Ti2 cations
might be related to changes in the oxidation states of the Ti1
and Ti2 ions under pressure and their deviations from the
trivalent state. Titanium ions are known to be able to show
4+ and 2+ oxidation states (e.g., in TiO2, TiO); hence, they
could also show up in the Th2S3-type Ti2O3 in the course of the
charge disproportionation reaction between the Ti3+ cations. It
is worth mentioning here that theoretical calculations predicted
the instability of the Th2S3-type Ti2O3 against decomposition
into TiO2 and TiO at high pressures above 150 GPa.41
As the oxidation states should affect the effective ionic radii
of the Ti ions, in order to estimate the oxidation states of the
Ti1 and Ti2 ions, we applied the BVS method, in which the
bond valence (Sij ) and their sum (Vi) come as follows:64
sij = exp
[
Rij − dij
b0
]
; Vi =
∑
j
sij , (3)
where dij is the distance between the atoms i and j , Rij is
the empirically determined distance for this cation-anion pair,
and b0 is an empirical parameter that is usually about 0.37.
But in the case of the high-pressure polymorph of Ti2O3,
which is denser by 10–12% than the corundum-type Ti2O3
(Refs. 1, 40, and 41), the parameter b0 should be accordingly
smaller than 0.37. In general, application of the BVS method
for tracking changes under pressure or temperature variation
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FIG. 3. (Color online) Pressure dependencies of the bond lengths, polyhedra volumes and distortion indexes, and bond valence sums of
the Ti ions in the Th2S3-type Ti2O3 at ambient temperature. (a) Relative changes in the bond lengths with pressure. Labels 1× and 2× denote
the multiplicity of the bond lengths. Some of the curves correspond not to the individual bond lengths but to their combinations if these bonds
demonstrate rather similar behavior under pressure [e.g., Ti1-O2 (1× and 2×) is a combination of three Ti1-O2 bonds, two of which are
identical (Table I)]. The pressure behavior of all the bonds demonstrates a number of features. (b) Pressure dependencies of the average bond
lengths, 〈Ti1-O〉 and 〈Ti2-O〉. Inset shows the coordination spheres of the Ti1 and Ti2 ions in the Th2S3-type structure. (c) Shrinkage in the
coordination polyhedra volumes of the Ti1 and T2 ions with pressure. (d) Distortion indexes of the coordination polyhedra of the Ti1 and Ti2
ions calculated using Eq. (2). Inset shows a network of the Ti2 coordination polyhedra. (e) Pressure dependencies of the bond valence sums of
the Ti1 and Ti2 ions calculated using Eq. (3). Thick lines in (a) and dashed lines in (b)–(e) are guides for the eye.
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is rather limited as both the Rij and b0 parameters should be
functions of pressure/temperature for each cation. However,
for the single-cation Ti2O3, the parameters Rij and b0 of the
Ti ions at the both Ti1 and Ti2 sites should be the same
or very similar; hence, a relative charge disproportionation
between the Ti1 and Ti2 ions may be figured out if a
charge conservation under pressure is assumed. With empirical
parameter Rij = 1.791 A˚ for the Ti3+-O bond,64 we find
that the sum charge of the Ti1 and Ti2 ions is 6e+ for the
parameter b0 equal to 0.3491 [Eq. (3)]. Using these parameters,
we find that at ambient conditions, the BVS of the Ti1/Ti2
ions are 2.91+ /3.09+ , respectively. Similarly, we calculated
the BVS of the Ti1 and Ti2 ions under pressure [Fig. 3(e)].
These BVS curves demonstrate that applied pressure above
roughly 5 GPa stimulates a charge disproportionation between
the cations occupying the Ti1 and Ti2 sites [Fig. 3(e)]. The
maximal charge difference between the Ti1 and Ti2 ions is
achieved at pressures near 14 GPa [Fig. 3(e)], at these pressures
roughly half of the Ti3+ ions at the Ti1 sites reduce to Ti2+
and a half of the Ti3+ ions at the Ti2 sites oxidize to Ti4+
[Fig. 3(e)], suggesting the intricate valence formula of Ti2O3
as [(Ti2+Ti3+)site1][(Ti3+Ti4+)site2]O6. Under higher pressures,
the charge difference between the Ti1 and Ti2 cations are
partially balanced, and the charges of the Ti1/Ti2 cations are
stabilized around 2.7e+/3.3e+, respectively [Fig. 3(e)]. There
are also changes in the BVS curves across the isostructural
phase transition at ∼38.5 GPa [Fig. 3(e)].
The ionic radii of the Ti2+, Ti3+, and Ti4+ cations are known
to be about ∼1.00, 0.81, and 0.745 A˚, respectively. Therefore,
the partial reduction of the Ti1 cations under pressure to about
14 GPa [Fig. 3(e)] should increase their average (effective)
radius; this could explain the abnormal pressure dependencies
of both the average 〈Ti1-O〉 bond length [Fig. 3(b)] and the T1
polyhedra volume [Fig. 3(c)]. Likewise, the rapid shrinkage in
both the 〈Ti2-O〉 bond length [Fig. 3(b)] and the T2 polyhedra
volume [Fig. 3(c)] with pressure to 14 GPa may be explained
by the partial oxidation of the Ti2 cations that enhanced the
pure pressure effect. Behavior of the average bond lengths and
the polyhedra volumes at higher pressures is also in good
agreement with the charge disproportion reaction between
the Ti1 and Ti2 cations. Notice that corundum-type Ti2O3 is
known to display appreciable correlated effects;65 these effects
might be enhanced in the denser Th2S3-type polymorph, and
they could affect the charge disproportion under pressure.
Such a pressure-driven charge transfer between cations
sitting in different crystallographic positions was already re-
ported for some oxides, e.g., it was documented by Mo¨ssbauer
spectroscopy method in FeTiO3 (Refs. 66 and 67), by the
BVS method in BiNiO3 (Ref. 68), and by structural and
optical techniques in Co3O4 (Ref. 69). Significant charge
disproportionation between different crystallographic sites
can even lead to quasi-isostructural phase transitions that
may be accompanied by volumetric effects and changes in
lattice symmetry, e.g., this happens in double perovskites
such as LaCu3Fe4O12 (Refs. 70 and 71) and CaCu3Fe4O12
(Ref. 72). However, these transitions may be so subtle
that even in high-resolution powder XRD studies, it might
be difficult to detect them.70–72 Thus, in the Th2S3-type
Ti2O3 we did not observe any structural transition across
14 GPa.
The tiny discontinuities in the unit cell parameters of the
golden Ti2O3 near 38.5 GPa (Fig. 2) have a correspondence
with jumps in the pressure curves of almost all the Ti2-O
bond lengths [Fig. 3(a)]. On the contrary, the Ti1-O bonds
show rather smooth changes across this pressure [Fig. 3(a)].
We found that the unit cell volume near 38.5 GPa drops
by about 0.7% [Fig. 2(c)]. This volumetric effect suggests
that this feature could be a first-order isostructural phase
transition. However, the BVS curves show no abrupt anomalies
at this pressure [Fig. 3(e)], thereby suggesting that the charge
disproportionation between the Ti1 and Ti2 cations cannot be a
major driving factor of this transition. Perhaps this isostructural
transition is induced by variation in the electronic structure
of the Ti atoms. It is interesting to note that elemental Ti
metal itself in its hexagonal close-packed (hcp) phase was
found to exhibit a remarkable jump in its lattice parameters
ratio, c/a, from ∼1.57 to ∼1.61 at almost the same pressure
value, between 36 and 44 GPa.73 This feature in the c/a ratio
was reproduced in two experiments, and, hence, is a robust
finding.73 However, the nature of this feature has not been
yet specified; potentially, it could be a first-order isostructural
phase transition with a tiny volumetric effect.73 Earlier works
reported for the Group IV elements (i.e., Ti, Zr, and Hf
having electronic configurations as [Ar]4s23d2, [Kr]5s24d2,
and [Xe]6s24f 145d2, respectively) that applied pressure up-
shifts the s-band position in their electronic structures above
the Fermi level.74 Therefore, at certain pressure values, the d
band already underlies the s band, and the electronic transfer
from the latter to the former becomes energetically favorable.74
Such an s → d electron transfer is assumed to lead to structural
or slight isostructural transitions.74 For instance, Hf metal was
found to undergo a hcp →ω-phase transition near 38 GPa.75,76
The case of Zr metal is more interesting; it shows first
a series of conventional phase transitions, such as hcp →
ω-phase → body-centered-cubic (bcc) at ∼6–8 and ∼26 GPa,
respectively,77–79 and then in the bcc phase, at about 53 GPa
it undergoes an isostructural phase transition with about a 1%
volume drop.77,78 This isostructural transition in Zr metal has
been further addressed to the s → d electron transfer.74 The
case of Ti metal remains poorly studied, and even the P -T
boundary of the hcp → ω-phase transition is still a point at
issue.74,75,79,80 Since Zr is the nearest electronic analogue of
Ti in Group IV, by analogy with Zr, one can propose that
the jump in the c/a ratio in Ti metal observed between 36
and 44 GPa in earlier work73 could, in fact, be related to the
previously discussed s → d electron transfer. Consequently,
we can propose that the isostructural transition found in the
Th2S3-type Ti2O3 at about 38.5 GPa (Fig. 2) may be related to
this s → d electron transfer in the Ti atoms. Since the golden
polymorph of Ti2O3 under these pressure values was found
to have the Ti ions in three different oxidations states [2+ ,
3+ , and 4+ ; Fig. 3(e)], this s → d electron transfer should
primarily affect the chemical bonds that are formed by the s
electrons of the Ti atoms (i.e., in Ti4+ and Ti3+ ions). This
could explain why the changes near 38.5 GPa in the Ti2-O
bond lengths formed by the Ti3+ and Ti4+ ions are stronger
than those in the Ti1-O bond lengths formed by the Ti3+ and
Ti2+ ions [Figs. 3(a) and 3(e)].
The emergence of the signatures of the electronic transition
in the Ti atoms in the high-pressure properties of the dense
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golden polymorph of Ti2O3 seems to be an unexpected finding.
Usually, such (quasi)-isostructural transitions are driven by
dramatic changes in oxidation states or by spin transitions
in cations. As examples of the former, one can recall, for
instance, a valence transition in SmS, Sm2+ → Sm3+ + e−,
leading to both delocalization of electrons and isostructural
transition in a NaCl-type lattice (so-called golden polymorph
of SmS)81–83 or charge disproportionation between different
cations, e.g., between the Cu and Fe ions in LaCu3Fe4O12
(Refs. 70 and 71) and between two Fe ions in CaCu3Fe4O12
(Ref. 72), leading to phase transitions with changes in the
lattice symmetry. Examples of the latter are well presented
by spin transitions in Fe and Co ions. For instance, it was
reported that a high-to-low spin transition in Fe ions induces
an isostructural phase transition with about 5% volume drop
in RFeO3 (R = Pr, Eu, Lu) perovskites around 50 GPa,84 as
well as a high-to-low-spin transition of Co3+ ions in BiCoO3
near 3 GPa leads to a phase transition with about 13% volume
drop.85 Recalling that at ambient conditions the Th2S3-type
Ti2O3 is denser than the conventional corundum-type Ti2O3
by about 10–12%1,40,41 and is denser than the other titanium
oxides, like TiO2, one can propose that this could be a reason
why such a subtle transition was observable in the golden
Ti2O3. Notice that isostructural phase transition was already
reported for another titanium compound, namely, TiN adopting
a NaCl-type structure, but at much lower pressure, 7–11 GPa.86
Perhaps this transition in TiN is related to modification of
the coordination spheres of the Ti ions because of valence or
electronic transitions. Hence, to some extent, this isostructural
transition in TiN might have some correspondence with the
structural features we found in the Th2S3-type Ti2O3 (Figs. 2
and 3).
B. Raman spectroscopy of the golden Th2S3-type Ti2O3
under pressure up to 67 GPa
According to irreducible representations for the Th2S3-type
structure of Ti2O3, namely,  = 10Ag + 5B1g + 10B2g +
5B3g , 30 phonon modes should be Raman active in this
material. At ambient conditions in the spectral range above
150 cm−1, the golden Ti2O3 exhibits only 21 well-detectable
modes, labeled as A, B, C,. . .U in Fig. 4(a). Since single
crystalline samples of the Th2S3-type Ti2O3 for polarized
Raman study are not available, these modes cannot be assigned
at the moment. In the previous work of some of the coauthors,
a detailed Raman spectroscopy study on this material under
pressure up to 74 GPa has been performed.41 This study
revealed several minor modifications in the Raman spectra
of the golden Ti2O3 with pressure but could not properly
address them because of very limited information on the
crystal structure evolution under pressure.41 In general, the
main Raman peaks kept in the entire pressure range to 74 GPa,
thereby suggesting no dramatic phase transformations.41 In
the present work, we revisited the Raman spectroscopy of
the golden Ti2O3 under pressure and carefully documented
changes in the spectra with pressure. We analyzed both the
previous41 and the new Raman spectroscopy data together and
present in this paper a representative data set in Figs. 4 and 5.
A pressure behavior of the Raman spectra showed a number
of moderate modifications (Fig. 4). The Raman spectra of the
FIG. 4. (Color online) Pressure evolution of Raman spectra of
the golden Th2S3-type Ti2O3 at ambient temperature. Pressure values
are given near the curves. Moderate changes in these Raman spectra
are highlighted by dotted rectangles. (a) Raman spectra collected
on pressurization run across the smooth crossover near 15 GPa and
the isostructural transition near 38.5 GPa found in the XRD studies
(Figs. 2 and 3). The phonon peaks in the spectrum gathered at ambient
conditions are labeled by letters A, B, . . .U . The asterisk marks an
unclear peak. (b) Raman spectra collected on decompression run
across the isostructural phase transition near 38.5 GPa (Fig. 2).
Th2S3-type Ti2O3 collected at ambient pressure and at 5.9 GPa
are very similar, but one can still notice that two couples
of peaks, L and M , and O and P around 450–550 cm−1
show a tendency to merging (Fig. 4). A further compression
to 8.9 GPa leads to splitting of the peak J in the region around
450 cm−1 into a doublet (Fig. 4). With further pressurization,
more noticeable features were observed that included the
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FIG. 5. (Color online) Pressure dependencies of phonon frequen-
cies of the golden Th2S3-type Ti2O3 at ambient temperature (summary
of three sets of experiments, shown by different symbols). The phonon
labels A, B, . . .U correspond to those in Fig. 4(a). (a) General view.
(b) In range of wave numbers between 200 and 440 cm−1. The
crossover near 38 GPa is shown by the vertical gray line.
disappearance, appearance, merging, and splitting of different
phonons. A pressure evolution of the peaks J and K around
450 cm−1 (at ambient pressure) revealed that to 14.3 GPa
the peak J splits into a doublet, J1/J2, and under further
compression the higher frequency peak of this J1/J2 doublet
gradually merges with the peak K (e.g., a spectrum collected
at 46.5 GPa) [Figs. 4(a) and 5(a)]. In Fig. 4(a), we highlight
by dotted rectangles the changes in peak A at ∼180 cm−1;
peaks C and D around 250 cm−1; F and G around 350 cm−1;
I , J , K , L, and M around 450–500 cm−1; O, P , and Q
around 550 cm−1; and R and S around 600 cm−1. All these
changes in the Raman spectra would suggest some on-going
pressure-induced processes in the crystal structure rather than
a single crossover at a certain pressure value. Thus, these
changes in the Raman spectra [Fig. 4(a)] seem to be compatible
with the charge disproportionation reaction between the Ti1
and Ti2 cations [Fig. 3(e)] that should slightly tune the
chemical bonds in the crystal lattice [Figs. 3(a) and 3(b)].
Charge disproportionation reactions in other oxides showed
that besides structural anomalies, they can lead to variations
in Raman spectra; this happened, e.g., in Co3O4 adopting a
cubic spinel structure.69 Thus, the modifications in the Raman
spectra we observed strongly support our above interpretation
of the structural data in the terms of charge disproportionation
reactions [Fig. 3(e)].
Beyond about 40 GPa, the Raman spectra did not exhibit
any remarkable changes, such as appearance/disappearance
and splitting/merging of the peaks [Fig. 5(a)]. A decom-
pression cycle given in Fig. 4(b) exhibits no apparent and
significant changes in the Raman spectra from 56 down to
46.3 GPa. But in the downstroke spectra collected at 41.9 and
36.9 GPa, one can already notice a number of modifications,
e.g., the appearance of the weak peak A near ∼200 cm−1, the
variations in relative peak intensities of the doublets C/D and
F/G near 280 and 380 cm−1, respectively, and the appearance
of the two weak phonons near the peak K in a region around
540 cm−1 [Fig. 4(b)]. A detailed consideration of the pressure
dependencies of phonon frequencies allows us to detect kinks
in some of them, e.g., the phonons B and E apparently
have features around 35–40 GPa [Fig. 5(b)]. In addition, the
phonons F and G demonstrate an anticrossing effect (conse-
quent convergence and divergence of their frequencies) with a
kink at similar pressures [Fig. 5(b)]. It is interesting to note that
another couple of peaks, namely, a doublet C/D at ∼240 cm−1
at ambient pressure [Fig. 4(a)] demonstrates the opposite
behavior: frequency divergence up to profound splitting to
∼15 GPa [Fig. 4(a)] and then above ∼40 GPa, a tendency
to convergence [Figs. 4(a) and 4(b)]. Thus, the Raman spec-
troscopy data (Figs. 4 and 5) apparently point out a crossover
near 40 GPa, consistent with the previously discussed isostruc-
tural transition near 39 GPa (Fig. 2) that was addressed to the
s → d electron transfer in the Ti atoms. No apparent hysteresis
between the changes in the Raman spectra documented on
pressurization and releasing runs was observed. This also
agrees with the above proposed electronic nature of the
compression features of the Th2S3-type Ti2O3. It is worth
mentioning here that in elemental Ti metal, a low-frequency
mode at ∼138 cm−1 assigned to the hcp phase under applied
pressure behaved similarly to the phonon mode A in the golden
Ti2O3 at ∼180 cm−1 (Figs. 4 and 5).87 This 138 cm−1 peak in
Ti started to lose its intensity above 20 GPa, became very weak
above 30 GPa, and disappeared at somewhat higher pressure.87
We analyzed a pressure effect on the Raman spectra
intensity for two pressurization cycles in the example of the
strongest phonon mode H at 378 cm−1 (perhaps it is the
longitudinal optical phonon). The intensity of this phonon
shows only very moderate fluctuations with pressure. In
accordance to a general expression, the changes in Raman
spectra intensities, I , under pressure are related to variation in
absorption coefficient as follows: I ∼ I0 × [1 − exp( −α)],
where I0 is the integral intensity in the absence of free
carriers, and α is the absorption coefficient. Plasmon modes
in metals and doped semiconductors normally belong to the
ultraviolet spectral range. Hence, these plasmon modes have
energies higher than those of photons in the visible range;
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therefore, the former can screen the latter. This explains, in
particular, the metallic luster of metals in the visible range. The
Raman intensity data unambiguously suggest that the golden
Ti2O3 with the band gap of Eg ∼ 0.1–0.2 eV at ambient
conditions1 keeps its semiconducting properties across the
entire pressure range investigated. Normally, conventional
narrow-gap semiconductors of Groups II-VI, IV-VI, and III-V
metalize under application of much less pressure, e.g., lead
chalcogenides (PbTe, PbSe, PbS) with band gaps Eg ∼
0.16–0.4 eV at ambient conditions become metallic already
at ∼13–21 GPa.88 Thus, the case of semiconducting golden
Ti2O3 seems to be unusual. Taking into account its other
remarkable characteristics, such as high mechanical and
thermal stability, one can surmise that this material may be
promising for various industrial applications. The extended
stability of the semiconducting properties of the golden Ti2O3
under pressure points out the rigidity of its electronic bands.
This correlates with the high bulk modulus value of Th2S3-type
Ti2O3, B0 = 258.3 GPa at B ′0 = 4.1 found above [Fig. 2(c)].
C. Electronic transport of the golden Th2S3-type Ti2O3
under pressure up to 21 GPa
To examine the variation in the electronic band structure
parameters of the golden Ti2O3 under pressure, we performed
two sorts of studies in different high-pressure cells. In one of
those, we probed the electrical conductivity and thermoelec-
tric power at room temperature under pressure up to 18 GPa
(Figs. 6–8). In the other study, we investigated temperature
FIG. 6. (Color online) Pressure dependencies of electrical resis-
tance of bulk sample A of the golden Th2S3-type Ti2O3 at ambient
temperature. These curves were obtained in high-pressure cells with
conventional flat anvils. Labels #1 and #2 mark two different samples
cut from the same bulk sample A. Arrows show directions of pressure
variation. Left inset shows temperature dependencies of electrical
resistivity for samples A and B at ambient pressure. Right inset
presents evidence of activation character of electrical resistivity near
room temperature and down to ∼150 K and reports the activation
energies values, Ea .
FIG. 7. (Color online) Pressure dependencies of thermoelectric
power (Seebeck effect) of samples A (a) and B (b) of the golden
Th2S3-type Ti2O3 at ambient temperature. Labels #1 and #2 mark two
different samples cut from the same bulk samples A and B. Arrows
show directions of pressure variation. (a) These thermopower curves
were measured in a high-pressure cell with both semispherically
concave (#1) and conventional flat anvils (#2; Ref. 52). Sign inversion
of the thermopower from negative to positive above 6–8 GPa
unambiguously suggests the dominant conductivity-type inversion
fromn top type. Inset shows examples of thermopower determination
from linear slopes of dependencies of thermoelectric voltage on
temperature difference, T along the sample thickness. (b) These
thermopower curves were measured in a high-pressure cell with
conventional flat anvils. Sample B has been established earlier to
have regions of dominant n- and p-type conductivity (Ref. 1). Thus,
plot (b) presents pressure dependencies of thermopower of n- and
p-type samples (#1 and #2, respectively). Sample #1 with original
n-type conductivity behaves similarly to both samples A (a).
dependencies of the electrical resistivity under pressure up
to 21 GPa (Figs. 9–11). For these studies, we selected several
samples cut from the two bulk ingot synthesized at HP-HT
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FIG. 8. (Color online) Parametric electrical resistivity vs ther-
mopower dependencies for samples #1 and #2 cut from the same
bulk sample B of the golden Th2S3-type Ti2O3. These curves were
calculated for the second/third pressurization cycles for sample #2
and for the fourth/fifth pressurization cycles for sample #1. The σn/σp
ratio (parameter b) may be found from the linear slopes [see Eq. (4)
and the following discussion].
conditions (specimens A and B; Fig. 6). Ambient pressure
investigations of these bulk specimens A and B were reported
in Ref. 1.
At ambient conditions, the electrical resistivity values of
the golden Ti2O3 are about ∼0.2–0.5 
× cm (left inset in
Fig. 6). With pressure application, the electrical conductivity
is apparently enhanced but keeps the values typical for
narrow band gap semiconductors [Figs. 6 and 9(a)]. All the
samples cut from the bulk specimen A exhibited the dominant
FIG. 9. (Color online) Temperature dependencies of electrical
resistance of the golden Th2S3-type Ti2O3 for different applied
pressures up to 21 GPa. The pressure values are shown at the plots.
These temperature dependencies are shown in three representations:
(a) in conventional coordinates and (b) in logarithmic electrical
resistance vs 1/T (left and top axes) and vs 1/T 0.25 (right and bottom
axes).
FIG. 10. (Color online) Pressure dependencies of the activation
energy T0 (left axis) of hopping conductance and Tkink (a) and of
electrical resistance at 280 K (b) of the golden Th2S3-type Ti2O3.
Dashed lines represent linear fits of the data in different regions. Inset
in (a) shows pressure dependence of the band gap, Eg , estimated
from the activation energies. Ambient value of Eg for sample B was
taken from Fig. 6. The vertical lines at about 7 and 17 GPa separate
different pressure regions on the curves.
n-type conductivity at ambient pressure [Fig. 7(a)]. Applied
pressure dramatically reduces the absolute thermopower value
[Fig. 7(a)], consistent with the electrical resistivity behavior
(Fig. 6). Above 5–7 GPa, the Seebeck coefficient inverts its
sign [Fig. 7(a)], which unambiguously suggests a change in
the dominant conductivity type from n to p type.
In previous ambient pressure studies, specimen B was
found to have an inhomogeneous domain structure with
extended regions of both n- and p-type conductivities.1
Samples cut from specimen B having the dominating n-type
electrical conductivity [e.g., sample #1 in Fig. 7(b)] under
high-pressure application behave similarly to those of the
n-type samples cut from specimen A [Fig. 7(a)]. However,
p-type samples cut from specimen B keep the hole type of
FIG. 11. (Color online) Temperature dependencies of the deriva-
tive of the electrical resistance (i.e., ω = d ln ρ/d ln T ) curves from
Fig. 9(a) of the golden Th2S3-type Ti2O3 for different applied
pressures up to 21 GPa.
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conductivity in the entire pressure range investigated, i.e.,
at least up to 18 GPa [e.g., sample #2 in Fig. 7(b)]. The
thermopower curves of all the measured samples of both
n and p types of conductivity demonstrate a smooth slope
change at about 2–3 GPa (Fig. 7). Above 6–8 GPa, the
thermopower values in samples #1 and #2 cut from specimenA
and in sample #1 cut from specimen B become comparatively
small, S ∼ +10 μV/K, and pressure independent (Fig. 7).
Such a thermopower behavior is typical for ultranarrow band
gap or strongly compensated semiconductors as well as for
semimetals. Notice that a metal state in the Th2S3-type Ti2O3
is excluded based on the electrical resistivity data [Figs. 6
and 9(a)]. It is interesting to notice a similarity between the
thermopower behavior under pressure in the golden Ti2O3
[Fig. 7(a)] and SmS.89 In SmS, the pressure-induced phase
transition from the ambient black phase, with Eg ∼ 0.1 eV,
to the golden phase, with a pseudogap of about 0.01 eV,82,83
was accompanied by resembling pressure-driven changes in
the thermopower from −90 μV/K at ambient pressure to
+20 μV/K above ∼1 GPa.89
Although the pressure-driven variations in the thermo-
electric properties of the samples are basically reversible,
one can still notice that the pressure cycling stimulates the
p-type conductivity (Fig. 7) and can even irreversibly invert
the conductivity type [e.g., in sample #1 in Fig. 7(b)]. As
these samples of the golden Ti2O3 were found to be intrinsic
semiconductors with carrier concentrations of about 1017–
1018 cm−3 (Ref. 1), their electronic properties may be sensitive
to defects. This might suggest that the pressure treatment
of the golden Ti2O3 can lead to formation of electrically
active defects of acceptor type, thereby changing the balance
of n- and p-type contributions to the total conductivity. In
order to analyze the pressure-driven changes in the electronic
transport properties, we used the known expression for the
thermoelectric power (S) of nearly intrinsic semiconductor
with two-band conductivity, as follows:50,59,90
S = − k|e|
[
b − 1
b + 1 ·
Eg
2kT
+
(
rn + 52
)
b
b + 1
−
(
rp + 52
)
1
b + 1 −
3
4
ln
m∗p
m∗n
]
, (4)
where k is Boltzmann’s constant, e is the electron charge
(k/e ≈ 86.4 μV/K), b = σn/σp is the ratio of partial
conductivities of electrons and holes, T is the temperature,
and rn(rp) and m∗n(m∗p) are the scattering parameter and
the effective mass of density of states of electrons (holes),
respectively.
Using Eq. (4), one can roughly estimate the σn/σp ratio
for the known Eg and S values. For instance, assuming the
dominating acoustic phonon-scattering mechanism of charge
carriers, which is typical for intrinsic semiconductors (i.e.,
assuming rn = rp = 12 ), and neglecting the last logarithmic
term, for specimen A with S ∼ −90 μV/K [Fig. 7(a)] and
Eg = 0.2 eV (right inset in Fig. 6), we can find that at ambient
pressure the σn/σp ratio is about ∼1.35. Likewise, for sample
#2 of specimen B with S ∼ +110 μV/K [Fig. 7(b)] and Eg =
0.1 eV (right inset in Fig. 6), we can find the σn/σp ∼ 0.6. In
intrinsic semiconductors, Eg is directly related to the electrical
resistivity ρ (ρ = ρ0 exp[Eg/(2kT )]).50,59,90 Equation (4) is a
linear function of Eg , and, using the above expression, one can
find a relation between S and ρ as follows: S ≈ − (k/e)[(b −
1)/(b + 1)](lnρ − lnρ0) − 34 (ln(mp/mn))]. Since the pressure
dependence of ρ0 is much weaker than ρ, the former could be
neglected. From this expression, one can estimate the σn/σp
ratio (parameter b).
The thermopower behavior of the n-type samples under
pressure (Fig. 7) indicates a strong variation in the σn/σp ratio;
hence, these data do not allow us to figure out a contribution
of the band gap variation to the thermopower [Eq. (4)].
On the contrary, the moderate variation in the thermopower
of the p-type sample under pressure [Fig. 7(b)] suggests that
the band gap tuning might give a major contribution to the
thermopower behavior. In Fig. 8, we show two examples of
parametric lnR vs S curves for samples #1 and #2 of specimen
B. Sample #2 keeps the p-type conductivity across the all
pressure cycles, and we find that an average slope of its lnR
vs S curve corresponds to the σn/σp ∼ 0.6 (Fig. 8). Sample
#1 of specimen B irreversibly inverts the Seebeck coefficient
sign from negative to positive after the second pressure run up
to 16 GPa, and for the fifth thermopower cycle we find that its
average ratio σn/σp = 0.85 is still higher than the one in sample
#2 (Fig. 8). However, one can see that the lnR vs S curves
are apparently nonlinear (Fig. 8); hence, the partial electron
and hole conductivities in these samples gradually alter under
pressure. The thermopower behavior of sample #2 of specimen
B indicates that its band gap decreases roughly twofold to
∼6–8 GPa [Fig. 7(b)], thereby suggesting a transition to an
ultranarrow band gap state.
The low-temperature electrical resistivity studies per-
formed on bulk sample cut from specimen B directly con-
firm the persistence of the semiconducting properties up
to 21 GPa [Fig. 9(a)], in good agreement with the above
room-temperature electronic transport data (Figs. 6 and 7).
In these studies, we did not find any new low-temperature
phases. This is in contrast with the previously mentioned case
of the golden SmS that exhibited a magnetic ordering and a
metal state above 2 GPa and below ∼30–50 K.91
Comparative analysis of the temperature dependencies of
the electrical resistance [Fig. 9(a)] using the conventional
Arrhenius (ln(R) vs 1/T ) and Mott (ln(R) vs 1/T 1/4)
representations [Fig. 9(b)] shows that the former cannot fit
the data in the entire temperature range. The data between
ambient temperature and down to ∼150 K can be fitted by
the Arrhenius dependence; hence, we can figure out pressure
evolutions of the activation energy Ea and the band gap (Eg =
2Ea) [inset in Fig. 10(a)]. The temperature dependencies
in the entire range are well described by a Mott’s three-
dimensional (3D) variable range-hopping conductance model
[R = R0 exp[−(T0/T )1/d+1], where d is the dimensionality of
the system, i.e., ln(R) ∝ 1/T 1/4 for a 3D system; Fig. 9(b)]. In
Fig. 9(b), the label Tkink separates two regions with different
slopes. A fit of the temperature curves above Tkink (Fig. 9)
gives the activation energies, T0, of this hopping conductance
[Fig. 10(a)]. The data on Tkink and T0 together with the
resistance at 280 K (R280K) point out a crossover near 7 GPa
(Fig. 10). This feature has a correspondence with the n–p
inversion at about 6–8 GPa, observed by the thermopower
(Fig. 7). The lower-pressure regime is characterized by a
saturation of the resistivity represented by a maximum at low
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temperature in the derivative ω = d ln ρ/d ln T that decreases
as the pressure is increased (Fig. 11). One can also notice
that the electrical resistance at 280 K starts to rise slightly
above 15–18 GPa [Fig. 10(b)], and, in addition, the Tkink
and T0 curves show weak discontinuities at these pressures
[Fig. 10(a)].
The features we found in the thermopower (Fig. 7) and
in the electrical resistance curves [Figs. 6 and 9(a)] have a
correspondence with those in the structural (Figs. 2 and 3) and
spectroscopic data (Figs. 4 and 5). For instance, the anomaly
in the compression behavior below 2.5 GPa [e.g., a feature in
the c/a ratio in Fig. 2(b)] corresponds to the slope change in
the thermopower curves near 1.5–3 GPa (Fig. 7). The charge
disproportionation process between the Ti1 and Ti2 cations
that was found to show up above ∼5–9 GPa [Fig. 3(e)] is
compatible with the enhanced electrical conductivity above
6–8 GPa [Figs. 6 and 9(a)], as well as with the n–p inversion at
similar pressures (Fig. 7). Charge disproportionation reactions
under pressure between cations in other oxides, e.g., in BiNiO3
(Ref. 68) and LaCu3Fe4O12 (Ref. 71) were also accompanied
by significant rising in the electrical conductivity. One could
expect a smooth inflection point in electrical resistivity curve
corresponding to the extrema at the BVS curves [Fig. 3(e)].
In fact, the resistance curve shown in Fig. 10(b) suggests a
saturation or minimum near 16 GPa, but, regretfully, electronic
transport studies to higher pressures were not possible at the
moment.
IV. CONCLUSIONS
In summary, we have established that upon compression
the golden Th2S3-type polymorph of Ti2O3 demonstrates a
number of intriguing features. We found that moderate high
pressure induces a partial charge disproportionation between
the cations occupying the Ti1 and Ti2 sites in the crystal
lattice [Fig. 3(e)], and this process is accompanied by both
the enhancement of electrical conductivity [Figs. 6 and 9(a)]
and the n–p inversion of the dominant conductivity type
around 6–8 GPa (Fig. 7). This partial charge disproportionation
was found to lead to strong structural anomalies in the
chemical bonds [Figs. 3(a) and 3(b)] and in the Ti1 and Ti2
polyhedra [Fig. 3(d)]. The Raman spectroscopy studies also
showed that the crystal structure undergoes minor structural
distortions [Figs. 4(a) and 5(a)]. The electronic transport
investigations confirmed that the golden Ti2O3 keeps its
semiconducting properties up to 21 GPa and documented
a pressure dependence of its activation energy (Figs. 6, 9,
and 10).
We have distinctly observed an isostructural phase tran-
sition at 38.5 GPa with a volume drop by ∼0.7% (Fig. 2).
We have proposed that this isostructural transition could be
related to the s → d electron transfer in the Ti atoms. Such
a s → d electron transfer was predicted to occur under high
pressure in the Group IV elements such as Ti, Zr, and Hf.74
Zirconium showed an isostructural transition at about 53 GPa
with a volume drop by ∼1%.77,78 Recent studies on Ti metal
documented a jump in the c/a ratio around 36–44 GPa, also
suggesting an electronic transition.73 Recalling that the golden
Ti2O3 is a very dense high-pressure polymorph,1,40,41 this
might be one of the reasons why this subtle electronic transition
in the Ti atoms is well observable in the golden Ti2O3. Since the
Th2S3-type Ti2O3 may be considered as a window to strongly
compressed sesquioxides, the above findings in the golden
Ti2O3 hint at fascinating physics in sesquioxides in extreme
conditions of high pressure.
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